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One of the most striking features of the human vertebral column is its periodic organization along
the anterior-posterior axis. This pattern is established when segments of vertebrates, called
somites, bud off at a defined pace from the anterior tip of the embryo’s presomitic mesoderm
(PSM). To trigger this rhythmic production of somites, three major signaling pathways—Notch,
Wnt/b-catenin, and fibroblast growth factor (FGF)—integrate into a molecular network that gener-
ates a traveling wave of gene expression along the embryonic axis, called the ‘‘segmentation
clock.’’ Recent systems approaches have begun identifying specific signaling circuits within the
network that set the pace of the oscillations, synchronize gene expression cycles in neighboring
cells, and contribute to the robustness and bilateral symmetry of somite formation. These findings
establish a newmodel for vertebrate segmentation and provide a conceptual framework to explain
human diseases of the spine, such as congenital scoliosis.The body axis of vertebrates is composed of a series of similar
anatomical modules, termed segments or metameres. This
organization is especially conspicuous in the spine, with its peri-
odic arrangement of vertebrae. The segmental pattern is estab-
lished during embryogenesis when the embryonic segments of
vertebrates, called somites, are rhythmically produced from
the paraxial mesoderm. The total number of somites formed
varies among species, but it is fixed within a species and tightly
coordinated bilaterally, occurring simultaneously on the left and
right sides.
The rhythmic addition of somites involves a periodic wave of
gene expression, known as the ‘‘segmentation clock,’’ which
repeatedly travels along the PSM. The segmentation clock inter-
acts with a system of signaling gradients called ‘‘the maturation
wavefront.’’ Interaction of the two systems triggers the activation
of genes in sequential stripes that prefigure the future somites.
In the past 10 years, great progress has been made in identifying
the molecular components of the segmentation clock and
wavefront, including factors that are regulated by the Notch,
Wnt/b-catenin, and fibroblast growth factor (FGF) signaling
pathways. More recently, advances in imaging and computation
modeling have allowed the integration of these individual
components and pathways into a gene expression network.
This Review explores how this new global perspective of the
segmentation clock is beginning to answer long-standing
questions in the field, such what sets the ‘‘pace’’ of somite
formation, how neighboring cells synchronize oscillations of
gene expression despite intrinsic noise, and how somite forma-
tion remains synchronized between the left and right sides of the
embryo. The Review concludes by presenting a new model for
vertebrate segmentation and then discussing how defects in650 Cell 145, May 27, 2011 ª2011 Elsevier Inc.the segmentation clock, uncovered by human genetic studies,
lead to congenital scoliosis in humans.
The Segmentation Clock: A Molecular Oscillator
Involved in Establishing the Periodicity of Vertebrae
The primary segmentation of the vertebrate embryo displayed
by somitic organization also underlies much of the segmental
organization of the body, including that of the muscles, nerves,
and blood vessels. In vertebrates, somites are the major
component of the paraxial mesoderm that forms bilaterally along
the nerve cord as a result of blastopore/primitive streak and tail
bud regression during body axis formation. The dorsal portion of
the somite remains epithelial and forms the dermomyotome,
which differentiates into muscle and dermis while its ventral
moiety undergoes an epithelio-mesenchymal transition, leading
to the formation of the sclerotome (Chal and Pourquie´, 2009).
The sclerotome gives rise to the skeletal elements of the
vertebral column: the vertebrae, ribs, intervertebral disks, and
tendons.
In all vertebrate species, pairs of somites bud off periodically
at the anterior tip of the presomitic mesoderm (PSM) at a defined
pace (Figures 1A–1J andMovie S1 available online) (for example,
every 90min in chicken, 120min in mice, and 30min in zebrafish)
(Aulehla et al., 2008; Palmeirim et al., 1997; Romanoff, 1960;
Schro¨ter et al., 2008; Tam, 1981). The rhythmic production of
somites from the PSM has inspired theoretical models such as
the ‘‘clock and wavefront’’ (Cooke and Zeeman, 1976). This
model proposed that the periodicity of somites results from the
action of a molecular oscillator (called the clock) traveling along
the embryonic axis. The periodic segment formation is triggered
during a defined (permissive) phase of the oscillation, whereas
the oscillator is constantly displaced posteriorly by a maturation
wave (the wavefront), hence ensuring the spacing of the
response to the oscillator.
The first evidence of the existence of an oscillator coupled to
somitogenesis was provided by the periodic expression of the
transcription factor hairy1messengerRNA (mRNA) in the chicken
embryo PSM (Figures 1A–1J) (Palmeirim et al., 1997). During
each somitogenesis cycle, hairy1 is first activated in the posterior
PSM and then progressively in more anteriorly located cells, thus
appearing as a travelingwave of gene expression. Subsequently,
similar oscillations of members of the Hes/Her/Hairy family of
the basic helix-loop-helix (bHLH) transcriptional repressors
have been reported in several species, indicating that the
oscillator is conserved in vertebrates (Bessho et al., 2003;
Dunwoodie et al., 2002; Henry et al., 2002; Holley et al., 2000;
Jouve et al., 2000; Oates and Ho, 2002; Palmeirim et al., 1997).
In mammals and birds, other classes of cyclic genes have been
identified based on their rhythmic expression pattern in the
PSM. The vastmajority of these cyclic genesbelong to theNotch,
Wnt, and FGF signaling pathways (Figure 1K) (Deque´ant and
Pourquie´, 2008). Recent data also support the role of such an
oscillator in invertebrate segmentation (Pueyo et al., 2008).
In the mouse PSM, periodic activation of Notch1 can be visu-
alized via the rhythmic production of the Notch intracellular
domain (NICD), detected using a specific antibody that recog-
nizes the cleaved form of the Notch1 receptor (Huppert et al.,
2005; Morimoto et al., 2005). After nuclear translocation,
NICD activates transcription of target genes, such as the
Hairy/Hes/Her genes, Lunatic fringe (Lfng), or Notch-regulated
ankyrin repeat protein (Nrarp) (Figure 1K) (Cole et al., 2002;
Dale et al., 2003; Deque´ant et al., 2006; Holley et al., 2002;
Morales et al., 2002; Niwa et al., 2007; Oates and Ho, 2002; Sew-
ell et al., 2009; Wright et al., 2009). Periodic activation of tran-
scription downstream of Notch is indicated by the rhythmic
waves of expression of genes, such as Lfng in the PSM (Aulehla
and Johnson, 1999; Forsberg et al., 1998; McGrew et al., 1998).
Their dynamic expression sequence has now been imaged in
real time in live mouse embryos using luciferase or green fluores-
cent protein-based methods for the Hes1 and Lfng genes
(Aulehla et al., 2008; Masamizu et al., 2006) (Movie S2). Cyclic
expression at the protein level has been demonstrated only for
a subset of cyclic genes, which includesHes1 and LFng (Bessho
et al., 2003; Dale et al., 2003).
The Wnt signaling pathway is a second pathway rhythmically
activated in the PSM. Axin2 is a classical target of the Wnt
canonical pathway that is expressed periodically in the mouse
embryo PSM (Aulehla et al., 2003). Other cyclic Wnt targets
have been identified in a microarray screen aimed at identifying
all cyclic genes in the mouse PSM transcriptome (Figure 1K)
(Deque´ant et al., 2006). These genes include several negative
feedback inhibitors of the pathway, such as Dickkopf homolog 1
(Dkk1), Dapper homolog 1 (Dact1), and Naked cuticle 1 (Nkd1)
(Deque´ant et al., 2006, 2008; Ishikawa et al., 2004; Suriben
et al., 2006). Inactivation of several of these inhibitors, such as
Dkk1, results in segmentation defects (MacDonald et al., 2004).
The FGF pathway constitutes a third signaling pathway
activated periodically in the mouse and chicken PSM. Cyclic
expression of FGF negative feedback inhibitors, such as Sproutyhomolog 2 and 4 (Spry2 and Spry4) and Dual specificity
phosphatase 4 and 6 (Dusp4 and 6), indicates that the FGF
signaling pathway is activated periodically in the posterior PSM
(Figure 1K) (Deque´ant et al., 2006; Hayashi et al., 2009; Niwa
et al., 2007). This periodic regulation of FGF signaling is further
supported by the dynamic phosphorylation of ERK in the mouse
PSM (Niwa et al., 2007).
Does the Cyclic Gene Network Act as the Clock
Pacemaker?
One of the key challenges in the field has been to identify the
molecular circuitry responsible for generating the oscillations,
i.e., ‘‘the segmentation clock pacemaker.’’ In amniotes, the
complex epistatic relationships and multiple crosstalks between
the Notch, FGF, and Wnt signaling pathways in the PSM make
the analysis of their respective contributions to the pacemaker
particularly challenging. Global analysis of mouse cyclic gene
expression reveals that Notch- and FGF-related cyclic genes
oscillate mostly in opposite phase toWnt-cyclic genes, suggest-
ing a crosstalk between these signaling pathways (Deque´ant
et al., 2006; Goldbeter and Pourquie´, 2008). This notion is further
supported by the oscillations of genes under Notch control (Ish-
ikawa et al., 2004), such as the Wnt inhibitor Nkd1. Data from
genetic and other types of experiments have been used to create
a relational database, which led to the definition of a reference
network by combining the data with the KEGG pathway data-
base. This led to a computational representation of the mouse
segmentation network containing 36 nodes and 57 interactions
(Gonza´lez and Kageyama, 2010). Given the ever-increasing
complexity of the signaling network associated to the clock,
this in silico systems approach might be useful to provide
a comprehensive view of the molecular circuitry associated to
the segmentation clock oscillator.
The periodic expression of the Notch ligands could trigger
the molecular oscillations of Notch signaling because these
ligands exhibit cyclic expression in the mouse (Dll1) and zebra-
fish (deltaC) PSM (Jiang et al., 2000; Maruhashi et al., 2005).
Alternatively, intracellular negative feedback loops could also
trigger the periodic Notch activation.Hes7 codes for an unstable
protein of the bHLH family of transcriptional repressors, which
acts downstream of Notch and FGF and can repress its own
transcription, as well as that of Lfng (Bessho et al., 2003; Chen
et al., 2005; Morimoto et al., 2005; Niwa et al., 2007). Indeed,
the Hes7 negative autoregulatory loop was proposed to play
a critical role in the control of cyclic gene oscillations in the
PSM (Hirata et al., 2004). However, whereas oscillations of Notch
targets such as Lfng are disrupted in the Hes7 null mutant, Axin2
cyclic expression is still observed, thus arguing against a role for
Hes7 as a key element of the clock pacemaker (Ferjentsik et al.,
2009; Hirata et al., 2004).
In zebrafish, homologs of the Hes7 gene—Her1 and Her7—
display a cyclic expression in the PSM, and their overexpres-
sion or their knockdown leads to segmentation defects (Holley
et al., 2000, 2002; Oates and Ho, 2002; Henry et al., 2002; Oz-
budak and Lewis, 2008; Giudicelli et al., 2007). A simple oscil-
lator model that essentially relies on the Her1/Her7 transcrip-
tional repressors acting as a central pacemaker has also
been proposed (Figure 2C) (Holley et al., 2002; Lewis, 2003;Cell 145, May 27, 2011 ª2011 Elsevier Inc. 651
Figure 1. The Segmentation Clock
(A–I) In situ hybridization with a c-hairy1 probe showing the different categories of expression patterns in 15 (A, B, and C), 16 (D, E, and F),
and 17 (G, H, and I) somite chicken embryos. Anterior to the top.
(J) Schematic representation of the correlation between c-hairy1 expression in the presomitic mesoderm (PSM) and the progression of
somite formation. This highly dynamic sequence of c-hairy1 expression in the PSM was observed at all stages of somitogenesis
examined, suggesting a cyclic expression of the c-hairy1 mRNA that is correlated with somite formation. Arrowheads point to the last
formed somite (somite I, SI). From Palmeirim et al., 1997. To watch an animation of the segmentation clock, see Movie S1.
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Figure 2. Synchronization of the Presomitic
Mesoderm Cellular Oscillators
(A) Smooth transcriptional waves of cyclic gene
expression sweeping through the zebrafish PSM
(shown in blue).
(B) Schematic representation of the PSM cells as
coupled phase oscillators.
(C) Model of the zebrafish oscillator. The Notch
pathway has been proposed to synchronize
oscillations by coupling the zebrafish Her1/Her7
intracellular oscillator to the Notch/DeltaC inter-
cellular loop. The transcription factors Her1/Her7
establish a negative feedback loop controlling the
periodic repression of DeltaC, allowing the
synchronous activation of Notch signaling in
neighboring cells. In addition to receiving inputs
from Notch signaling, the Her1/Her7 oscillator
requires the Her13.2 partner, which is down-
stream of FGF signaling. The coupling between
cellular oscillators provided by the Notch/Delta
intercellular loop is thought to confer robustness
to the clock-synchronized oscillations against
developmental noise, such as cell proliferation,
cell movement, or stochastic gene expression.Oates and Ho, 2002). In this model, oscillations are generated
by a negative feedback loop in which her genes are directly
repressed by their own protein products. To generate oscilla-
tions, the model takes into account a defined time delay in
the autoinhibitory circuit that occurs from the beginning of her
RNA transcription until the Her protein binds to the her gene
promoter (Lewis, 2003). Using plausible numerical values for
the model parameters, oscillations exhibiting a period consis-
tent with that observed in zebrafish have been obtained. This
Her1/Her7 intracellular oscillator was proposed to be linked
to an intercellular oscillator involving the Notch signaling
pathway (Figure 2C) (Lewis, 2003). Her1/Her7 negatively regu-
lates deltaC, thus triggering oscillations of this Notch ligand,
which should, in turn, result in periodic Notch activation in
neighboring cells. Such a coupling could provide a basis for
maintaining synchrony among the oscillations of neighboring
cells (see below) (Jiang et al., 2000; Riedel-Kruse et al.,
2007). By combining immunostaining and fluorescent in situ
hybridization, the measured translational delay of DeltaC has
been shown to be consistent with the constraint set by the
delay model for DeltaC to entrain the oscillations of neighboring
cells (Giudicelli et al., 2007).
In amniotes, a second negative feedback loop has been
described, which relies on Lfng and regulates Notch activation
(Figure 1H) (Dale et al., 2003; Morimoto et al., 2005). Lfng is a gly-
cosyltransferase that modifies the Notch and Delta extracellular
domains during their trafficking to the cell surface (Haines and Ir-
vine, 2003). Lfng cyclic expression in the PSM is observed only in
amniotes and is controlled at the transcriptional level (Aulehla
and Johnson, 1999; Cole et al., 2002; Forsberg et al., 1998;
McGrew et al., 1998; Morales et al., 2002; Prince et al., 2001).(K) Cyclic genes belonging to the Notch and FGF pathways (with their products ind
(blue). A large number of the cyclic genes are involved in negative feedback loo
correspond to modes of regulation inferred from work in other systems or based
cyclic gene expression in the presomitic mesoderm (PSM) of a transgenic mousIn the PSM, Lfng periodically inhibits Notch signaling and partic-
ipates in a negative feedback loop that is involved in the control
of Notch pathway oscillation and somite boundary positioning
(Dale et al., 2003;Morimoto et al., 2005; Serth et al., 2003; Shifley
et al., 2008; Stauber et al., 2009). Expressing Lfng from the Hes7
promoter, which only recapitulates the posterior cyclic expres-
sion pattern, fully rescues the segmentation defects of the Lfng
null mutant (Oginuma et al., 2010). Interestingly, selective dele-
tion of the regulatory sequence driving the oscillatory expression
of Lfng in the posterior PSM results in disruption of the segmental
organization of the vertebral column all the way to the lumbar
region but leaves the sacral and caudal vertebrae intact (Shifley
et al., 2008; Stauber et al., 2009). Therefore, this indicates that
the segmentation clock might exhibit different regional require-
ments along the AP axis. Nonetheless, dynamic NICD produc-
tion and rhythmic expression of Hes7 are still observed in the
Lfng null mutants, suggesting that this loop is not essential for
clock oscillations (Ferjentsik et al., 2009; Niwa et al., 2007).
Whether Notch oscillations act as a pacemaker triggering the
oscillations of the three pathways in mouse is controversial.
On one hand, blocking Notch signaling with DAPT (N-[(3,5-
Difluorophenyl)acetyl]-L-al anyl-2-phenyl]glycine-1,1-dimethy-
lethyl ester) or by mutating both components of the g-secretase
complex PS1 and PS2 leads to a complete loss of cyclic gene
oscillations (Donoviel et al., 1999; Ferjentsik et al., 2009; Gibb
et al., 2009; Huppert et al., 2005), suggesting that Notch is
a key element of the clock pacemaker. However, the g-secretase
complex activity is not restricted to Notch signaling, and it could
be that, in these experiments, the cleavage of key proteins that
are involved in the function of the pacemaker is prevented.
On the other hand, several experiments argue against a role foricated in red) oscillate in the opposite phase to cyclic genes of theWnt pathway
ps. The basic circuitry of the three signaling pathways is shown. Dashed lines
on microarray data. To watch a video of periodic, anterior-traveling waves of
e embryo, see Movie S2 (Aulehla et al., 2008).
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Notch in the clock pacemaker. For instance, oscillations of Axin2
and Spry2 are maintained in mouse mutants for the essential
Notch coactivator RBP-jk (although it has been argued that
residual Notch activity is found in these mutants) (Aulehla et al.,
2003; Deque´ant et al., 2006; Ferjentsik et al., 2009; Niwa et al.,
2007). Also, in transgenic mouse embryos constitutively acti-
vating Notch in the PSM,Axin2, but notSpry2, were still detected
as cyclic (Feller et al., 2008). Lastly, Lfng and Axin2 oscillations
are disrupted in the mouse Wnt3a hypomorphic vestigial tail (vt)
mutant, indicating that, in mouse, Wnt signaling acts upstream
of Notch oscillations (Aulehla et al., 2003).
In zebrafish embryos, the role of Notch in the clock pacemaker
has been ruled out by the following three observations: (1)
anterior somites do form in Notch mutants; (2) when using the
g-secretase inhibitor DAPT to block Notch signaling, somite
boundary defects are only observed after a long delay; and (3)
the initial Her gene oscillations during gastrulation remain
synchronized even if Notch signaling is blocked by DAPT treat-
ment (Holley et al., 2000, 2002; Jiang et al., 2000; Mara et al.,
2007; Ozbudak and Lewis, 2008; Riedel-Kruse et al., 2007).
Therefore, the role of Notch in the control of the clock oscillations
still needs clarification.
The FGF pathway has also been implicated in the control of the
clock oscillations. In zebrafish, theHer1/Her7 oscillations require
the hairy and enhancer of Split6 (Hes6)-related gene, Her13.2
(Figure 2C) (Kawamura et al., 2005b). This transcription factor
is regulated by FGF signaling and can form a heterodimer with
Her1, enhancing the ability of Her1 to negatively regulate its
own promoter (Kawamura et al., 2005b). In mouse, conditional
deletion of Fgfr1 in the PSM abolishes oscillations of Hes7,
Lfng, Axin2, and Spry2 (Niwa et al., 2007; Wahl et al., 2007), sug-
gesting that FGF acts upstream of the three pathways. In vitro
treatment of mouse embryos with the FGF inhibitor SU5402
leads to a rapid arrest of Axin2 and Spry2 oscillations (Niwa
et al., 2007; Wahl et al., 2007). FGF signaling was proposed to
control the initiation of Hes7 oscillations in the tail bud, whereas
Notch signaling would maintain these oscillations in the PSM
(Niwa et al., 2007). In vitro, FGF treatment induces periodic
expression of the cyclic gene Hes1 in 10T1/2 cells with a 2 hr
cycle and triggers oscillation of RAS activity mediated by peri-
odic phosphorylation of extracellular signal-regulated kinases
(ERKs), which regulate the function of son-of-sevenless (SOS)
(Nakayama et al., 2008). However, introducing a constitutively
stable version of b-catenin in a mutant mouse embryo in which
Fgfr1 is conditionally deleted in the PSM restores the formation
of the Lfng stripes of expression (Aulehla et al., 2008). This exper-
iment challenges the role for an FGF-based negative feedback
loop acting as the pacemaker of the segmentation clock.
The mRNAs of Wnt ligands are distributed in a graded fashion
along the PSM. Thus, oscillations of Wnt targets are observed
despite the presence of a constant (nonperiodic) signaling input
in the PSM. In theory, these oscillations could be triggered by the
periodic activation of unstable negative feedback inhibitors
(Goldbeter and Pourquie´, 2008). Wnt acts genetically upstream
of Notch and FGF in the PSM (Aulehla et al., 2003). This raises
the possibility that the periodic destabilization of b-catenin,
which is expected to be triggered by these negative feedback
loops, could act as the clock pacemaker that controls oscilla-654 Cell 145, May 27, 2011 ª2011 Elsevier Inc.tions of the Notch and FGF pathways. However, Lfng has been
shown to oscillate with the same periodicity in b-catenin gain-
of-function mutants and in wild-type mice (Aulehla et al., 2008).
Therefore, periodic b-catenin production is not required to
control the rhythmicity of Notch activation in the PSM. In the
chick embryo, a role for Wnt signaling controlling the period of
Notch-dependent oscillations has also been proposed. This
hypothesis is based primarily on the observation that treating
half embryos with the casein kinase inhibitor CK-7 slows down
the Lfng wave (Gibb et al., 2009). Such a role has also been
recently proposed for the Sonic Hedgehog pathway (SHH)
(Resende et al., 2010).
Taken together, these data suggest that none of the three
major signaling pathways, FGF, Notch, and Wnt, individually
acts as a global clock pacemaker even though each one is peri-
odically activated in the PSM. Hence, this raises doubts about
models in which the periodic gene expression that is associated
with the segmentation clock results from the dynamic properties
of the cyclic gene network (Deque´ant and Pourquie´, 2008).
In amniotes, it is possible that each subnetwork has the capacity
to generate its own oscillations—independent of the oscillations
of the other subnetworks—while coupling among the subnet-
works entrains them to each other (Goldbeter and Pourquie´,
2008; Ozbudak and Lewis, 2008). Alternatively, it is possible
that the network of cyclic genes that underlie the segmentation
clock is entrained by an outside pacemaker that remains to be
identified.
Notch Signaling Synchronizes Oscillations among
Presomitic Mesoderm Cells
An alternative role for the Notch pathway was suggested by
Lewis and colleagues, who proposed that Notch signaling
synchronizes the cell-autonomous oscillations of neighboring
cells in the PSM (Figures 2A and 2B) (Jiang et al., 2000). Thus,
the delayed disruption in somite boundary formation evident in
Notch mutants would result from the gradual desynchronization
of oscillations in neighboring cells in the absence of cell-to-cell
coupling (Jiang et al., 2000). In Notch mutants, oscillations of
neighboring cells would begin initially as synchronized; however,
in the absence of coupling, synchrony is progressively lost,
resulting in a ‘‘salt-and-pepper’’ expression pattern of the cyclic
genes in the PSM and an arrest of somite formation (Jiang et al.,
2000).
To test the role of Notch signaling in the coupling of the oscil-
lations, Horikawa et al. (2006) injected zebrafish PSM cells with
morpholinos against her1 and her7 and transplanted the cells
into awild-type host. This led to the acceleration of the oscillation
phase of neighboring wild-type cells in the host zebrafish
embryo, resulting in an anterior shift of the somite boundaries.
The transplanted cells showed an elevated deltaC level due
to the release of the Her-mediated inhibition. The phenotype
was rescued by co-injection of deltaC or deltaD morpholinos,
together with her1/7 morpholinos, showing that the effect was
due to interference with Notch signaling. Also, when groups of
PSM cells from donor embryos were transplanted into the
PSM of host embryos, the transplanted cells synchronized their
oscillations with the host cells within three clock cycles. The
authors also reported variation in the oscillation phases of
neighboring cells in wild-type embryos due to stochastic gene
expression and cell division. Together, these data indicate that
Notch provides a robust coupling system that ensures the
synchronization of segmentation clock oscillations in the PSM
despite intrinsic noise.
Theoretical models based on the mean-field approximation
have been proposed to explain the synchronization of cells in
the PSM despite the presence of noise (Riedel-Kruse et al.,
2007). Mean-field approximation is an approach borrowed
from statistical physics in which all interactions to any one
body in the system are replaced by an average or effective inter-
action. In these models, the PSM is considered to be a collection
of coupled phase oscillators, which fluctuate with a noisy auton-
omous frequency. The slowing down of the oscillations along the
PSM, together with the coupling between the oscillators, results
in the production of periodic smooth oscillatory waves traveling
along the tissue (Figures 2A and 2B) (Jiang et al., 2000; Morelli
et al., 2009; Riedel-Kruse et al., 2007). Interesting nonintuitive
predictions derive from such models. For instance, the apparent
frequency of the oscillatory wave is different than the autono-
mous frequency of the oscillators (Herrgen et al., 2010).
Notch is the major candidate for the intercellular coupling
between oscillators, and its role in this process has been tested
experimentally in the PSM (Herrgen et al., 2010; Horikawa et al.,
2006; Ozbudak and Lewis, 2008; Riedel-Kruse et al., 2007). In
zebrafish Notch mutants, the first 5–6 somites still form, an
observation that has been interpreted as reflecting the time
that is required to lose the synchrony among the oscillators
(decay time). This idea was further tested by treating embryos
with DAPT at different somitic stages to disrupt Notch signaling.
A lag of 5–6 somites was always observed between the number
of somites at the time of treatment and the first morphological
boundary disruption (Ozbudak and Lewis, 2008; Riedel-Kruse
et al., 2007). These results suggest that, in vivo, the oscillators
are initially set simultaneously by a Notch-independent process
during gastrulation and that synchronization is actively main-
tained by a Notch-dependent coupling mechanism during somi-
togenesis. Interestingly, this coupling system also endows the
system with self-organizing properties that contribute to its
robustness. Pulse-chase DAPT treatments demonstrated this
coupling-dependent self organization of the oscillatory pattern,
showing that normal segment formation recovers after around
10 oscillations after the wash (Riedel-Kruse et al., 2007). Based
on these findings, Riedel-Kruse et al. developed a model in
which the balance between the strength of Notch signaling
(coupling agent) and the noise in gene expression (desynchroniz-
ing agent) dictates whether the neighboring cells will or will not
oscillate in synchrony (Riedel-Kruse et al., 2007).
The simultaneous initiation of the oscillations appears to
involve FGF signaling, which was shown to be able to trigger
ectopic waves of Her1 expression in the early zebrafish embryo
prior to somite formation (Ishimatsu et al., 2010). Disruption of
the coupling, as in the Notch pathway mutants in zebrafish or
using DAPT treatment, increases the period of somitogenesis,
which leads to the formation of larger segments (Herrgen
et al., 2010). Such experiments were used to extract quantita-
tive parameters allowing prediction of the autonomous period
of the oscillator, as well as the coupling strength and thecoupling delay (Herrgen et al., 2010). One potential caveat to
these coupling models is the high motility of the cells in the
posterior PSM (Be´naze´raf et al., 2010; Mara et al., 2007).
However, numerical simulations show that synchronized oscil-
lations can be maintained despite the random cell movements,
providing the system with robustness to perturbations (Uriu
et al., 2010).
A direct demonstration, with real-time imaging, of the Notch
signaling’s role in the synchronization of the oscillations among
the PSM cells is still lacking. Desynchronization was, neverthe-
less, observed by in situ hybridization in dissociated PSM cells
in the chick embryo (Maroto et al., 2005). In mouse, single-cell
oscillations in dissociated PSM cells were demonstrated using
a real-time Hes1-luciferase transgenic reporter (Masamizu
et al., 2006). Unlike the situation in the intact PSM, the period
and the amplitude of single-cell oscillations in cell culture were
quite noisy (Masamizu et al., 2006). These data provide strong
support for the existence of cell-autonomous oscillations, at
least in mouse. Thus far, no evidence has emerged to support
the role of Notch signaling in the synchronization of the oscilla-
tions in any amniote species.
The Wavefront: Translating the Periodic Signal
into Repeated Segments
A key step in segment formation is the establishment of the first
segmental prepattern in the PSM. This prepattern appears as
a stripe of expression of genes, such as Mesp2, with a length
of approximately one somite (Figures 3D and 3E). This stripe
forms in the anterior PSM in response to the periodic clock signal
at a level defined as the determination front, and it defines the
future somitic boundaries. The determination front is positioned
by antagonistic gradients of FGF, Wnt, and retinoic acid (RA)
signaling, and it regresses posteriorly as the embryo elongates
along the AP axis (Figures 3A–3E) (Aulehla et al., 2003, 2008;
Diez del Corral et al., 2003; Dubrulle et al., 2001; Moreno and
Kintner, 2004). The parallel posterior-to-anterior gradients of
FGF and Wnt signaling (evidenced by graded phosphorylated
ERK and nuclear b-catenin, respectively) are established in
response to the graded expression of secreted ligands, such
as Fgf8 and Wnt3a, along the PSM (Figures 3A and 3B) (Aulehla
et al., 2003, 2008 ; Delfini et al., 2005; Dubrulle et al., 2001;
Dubrulle and Pourquie´, 2004; Sawada et al., 2001). In the
posterior PSM, cells are exposed to a high level of FGF and
Wnt activity and are maintained in an immature, undifferentiated
state (Aulehla et al., 2008; Dubrulle et al., 2001; Dunty et al.,
2008; Sawada et al., 2001). The transition from the immature to
the competent state of PSM cells can be visualized by the
downregulation of the Mesogenin1 (Msgn1) gene that precedes
activation of Mesp2 (Yoon et al., 2000). The position of the
determination front defines a major transitional region in gene
regulation (Ozbudak et al., 2010) and cellular properties along
the PSM (Dale et al., 2006).
The role of the FGF signaling gradient in positioning the
determination front was first demonstrated by experiments
challenging the slope of the signaling gradient in chicken and
fish embryos by grafting Fgf8-soaked beads next to the PSM
or by overexpressing an Fgf8-expressing construct in the PSM
by electroporation. This resulted in an anterior extension ofCell 145, May 27, 2011 ª2011 Elsevier Inc. 655
Figure 3. A Model for Vertebrate Somitogenesis
(A–D) Expression pattern of key components of the segmentation system
during somitogenesis in 2 day chicken embryos. (A) Wnt3a, (B) Fgf8, (C)
Raldh2, (D)Mesp2 expression by in situ hybridization. Asterisk represents last
formed somite. The dotted line marks the approximate position of the deter-
mination front.
(E) A segmentation model. Antagonistic gradients of FGF/Wnt signaling
(purple) and retinoic acid signaling (green) position the determination front
(thick black line). The periodic signal of the segmentation clock is shown in
orange (represented on the left side only). As the embryo extends posteriorly,
the determination front moves caudally. Cells that reach the determination
front are exposed to the periodic clock signal, initiating the segmentation
program and activating simultaneously expression of genes such as Mesp2
(black stripes, represented on the right side only) in a stripe domain that
prefigures the future segment. This establishes the segmental pattern of the
presumptive somites. Dorsal views, anterior to the top.posterior PSM markers (such as Brachyury), in the downregula-
tion of segmentation and differentiation markers (such as
Paraxis, Mesp2, or myogenic differentiation 1 [MyoD]), and in
the formation of smaller somites (Delfini et al., 2005; Dubrulle
et al., 2001; Sawada et al., 2001). Conversely, inhibition of FGF
signaling was achieved by treating chicken or fish embryos
with pharmacological inhibitors (Dubrulle et al., 2001; Sawada
et al., 2001). This resulted in a posterior shift of the anterior
boundary of genes associated with a posterior PSM identity
(such as Fgf8) and in the formation of larger somites. Conditional656 Cell 145, May 27, 2011 ª2011 Elsevier Inc.deletion of Fgfr1 in the mouse PSM also results in transient
formation of larger somites (Wahl et al., 2007). These data led
to the idea that the progressive decrease in FGF signaling activity
along the PSM defines a specific threshold belowwhich the cells
become competent to respond to the signaling pulse delivered
by the segmentation clock. Changing the position of the
threshold by acting on FGF levels leads to a change in the somite
boundary position, resulting in smaller or larger somites. The
position of this threshold was proposed to correspond to the
determination front (Dubrulle et al., 2001).
The posterior gradients and, thus, the determination front
constantly move posteriorly in the wake of the body axis elonga-
tion (Figure 3E). The posterior displacement of the FGF gradient
relies on an original mechanism involving Fgf8 mRNA decay
(Dubrulle and Pourquie´, 2004). Transcription of the Fgf8 mRNA
is restricted to the PSM precursors in the tail bud, and it ceases
when their descendents enter the posterior PSM. Thus, as the
axis elongates, the relative position of the cells in the PSM
becomes gradually more anterior, and their Fgf8 mRNA content
progressively decays. This promotes the posterior movement of
the anterior boundary of the Fgf8mRNA gradient and, hence, of
the determination front (Goldbeter et al., 2007). This mechanism
generates a dynamic gradient of FGF activity along the PSM,
which accompanies the elongation movements (Delfini et al.,
2005; Dubrulle and Pourquie´, 2004; Sawada et al., 2001). A
similar mechanism is assumed to be responsible for establishing
the Wnt gradient (Aulehla et al., 2003). In zebrafish, chicken,
mouse, and snake, the regression speed of the determination
front (marked by the anterior boundary of theMsgn1 expression
domain) during somitogenesis is similar to the speed of somite
formation but different than the speed of axis elongation (Gomez
et al., 2008). The slowing down of the axis elongation speed
results in a progressive shrinking of the PSM, ultimately leading
to the arrest of segment formation (Gomez et al., 2008). Thus, the
coupling of segmentation with axis elongation downstream of
FGF signaling plays a key role in the control of segment numbers
in the embryo (Gomez et al., 2008; Schro¨ter and Oates, 2010).
Body axis elongation was recently shown to be controlled by
the same FGF gradient that controls segmentation (Be´naze´raf
et al., 2010; Delfini et al., 2005). Tissue ablation experiments in
the chicken embryo demonstrated that the caudal region of
PSM contains highly motile cells that play a key role in axis elon-
gation. A clear posterior-to-anterior gradient of cell motility and
directionality in the PSM was evidenced using time-lapse
microscopy. However, when subtracting the extracellular matrix
movement from the global motion of cells, cell motility remained
graded but lacked directionality, indicating that the posterior cell
movements that are associated with axis elongation reflect
tissue deformation (Be´naze´raf et al., 2010). The gradient of cell
motion along the PSM parallels the FGF/mitogen-activated
protein kinase (MAPK) gradient, which has been implicated in
the control of cell motility in this tissue (Delfini et al., 2005).
Both FGF signaling gain- and loss-of-function experiments
lead to disruption of the motility gradient and a slowing down
of axis elongation. Furthermore, embryos treated with cell move-
ment inhibitors (Blebbistatin or RhoK inhibitor), but not cell-cycle
inhibitors, show a slower axis elongation rate. These findings led
to the hypothesis that the gradient of random cell motility, i.e.,
‘‘cell diffusion,’’ downstream of FGF signaling in the PSM
controls posterior elongation in the amniote embryo (Be´naze´raf
et al., 2010). Tissue elongation thus is an emergent property
that arises from the collective regulation of graded, random
cell motion, rather than by the regulation of directionality of indi-
vidual cellular movements.
Disruption of the Wnt/b-catenin gradient in mouse embryos
demonstrates that the level of nuclear b-catenin also controls
segmentation (Aulehla et al., 2008; Dunty et al., 2008). Gain of
function of Wnt/ b-catenin signaling leads to an anterior expan-
sion of the expression domain of posterior genes, such as
Brachyury, Mesogenin1, or Tbx6. In these experiments, both
segmentation and the onset of the differentiation program in
the PSM are blocked (Aulehla et al., 2008; Dunty et al., 2008).
The most striking effect in the b-catenin gain-of-function mouse
mutant is an AP extension of the oscillatory domain that results in
a multistripe, oscillatory expression pattern in the enlarged PSM
(Aulehla et al., 2008; Dunty et al., 2008). These results imply that
Wnt/b-catenin signaling maintains the immature oscillating state
of posterior cells and, thus, controls the onset of segmentation
and differentiation in the PSM (Aulehla et al., 2008).
The Wnt and FGF pathways have been shown to simulta-
neously control the expression of a number of transcription
factors, such as Brachyury/T or Tbx6, which in turn control
different aspects of PSM maturation (Wahl et al., 2007). In
mice, Fgf8 expression is absent from the Wnt3a hypomorph vt
mutants, suggesting that Wnt signaling acts upstream of FGF
signaling in the tail bud (Aulehla et al., 2003, 2008). However,
gain of function of b-catenin in the PSM of mouse embryos
results only in a partial gain of function of FGF signaling, suggest-
ing that Wnt signaling is necessary but insufficient for FGF
signaling in the PSM (Aulehla et al., 2008). How FGF and Wnt
signalings elicit a response, which is graded for some genes
and cyclic for others, is not understood.
In amniotes, RA signaling forms a decreasing rostrocaudal
gradient that is opposite to the FGF and Wnt gradients in the
PSM (Diez del Corral et al., 2003; Moreno and Kintner, 2004;
Sirbu and Duester, 2006). Raldh2 (Aldh1a2), which catalyzes
the last step of RA biosynthesis, is expressed in the anterior
PSM and somites (Figure 3C) and is the major source of RA
during early embryogenesis (Niederreither et al., 1999). Using
reporter mouse in which RA activity can be detected by LacZ
staining (i.e., RARE-LacZ), RA signaling was found to be
restricted to the anterior PSM and segmented region and was
absent from the posterior PSM and tail bud where Cyp26A1,
a cytochrome P450 family protein involved in RA catabolism, is
expressed downstream of FGF (Vermot et al., 2005; Wahl
et al., 2007). Analysis of mice that are deficient for RA production
(null for Raldh2) or of vitamin A-deficient (VAD) quail embryos
reveals that perturbation of RA signaling leads to an anterior
expansion of the Fgf8 domain along the PSM and in the forma-
tion of smaller somites, consistent with an FGF signaling gain
of function (Diez del Corral et al., 2003; Vermot et al., 2005; Ver-
mot and Pourquie´, 2005). In the chicken embryo, treatment of
posterior PSM explants with RA agonists can downregulate
Fgf8 expression, whereas a graft of a FGF8-soaked bead in
the PSM represses Raldh2 expression (Diez del Corral et al.,
2003). Experiments in chicken and Xenopus embryos indicatethat RA can activate transcription of key segmentation genes,
such as theMesp2 homologs, either directly or by counteracting
FGF signaling that represses their expression (Delfini et al., 2005;
Moreno and Kintner, 2004). In the Fgfr1 conditional knockout, no
significant posterior shift of the RARE-lacZ domain is observed,
suggesting that FGF is not the only antagonist to the RA gradient
(Wahl et al., 2007). Interestingly, micemutant forCyp26a1 exhibit
downregulation of Wnt signaling targets such as T (Abu-Abed
et al., 2001; Sakai et al., 2001). In zebrafish, Brachyury was
shown to be involved in an autoregulatory loop controlling Wnt
expression in the tail bud and also acting upstream of Cyp26
to create a niche protecting mesodermal precursors from RA-
differentiating action (Martin and Kimelman, 2010).Together,
these data led to the proposal that the mutual inhibition of the
FGF, Wnt, and RA gradients is involved in the control of the
spatial response to the segmentation clock.
A New Model for Vertebrate Segmentation
A new segmentation model can be proposed based on the
results described above (Figure 3E). During one segmentation
clock oscillation, the determination front moves posteriorly along
the AP axis by a distance corresponding to approximately one
somite (Figure 3E, black line). When PSM cells become located
anterior to the determination front, they become competent to
respond to a periodic signal that is delivered by the segmentation
clock, such as a pulse of Notch activation (Dubrulle et al., 2001;
Oginuma et al., 2010). In response to this signal, the cohort of
cells located between the determination front and the anterior
boundary of the expression domain of the posterior transcription
factor Tbx6 simultaneously activates the key segmentation tran-
scription factor Mesp2, resulting in the formation of a stripe of
Mesp2 expression that prefigures the future segment (Oginuma
et al., 2008). During the next oscillation cycle, the newly specified
segmental domain becomes located more anteriorly in the PSM
by one somite. Cells in this territory begin to activate a complex
genetic program downstream of Mesp2. These cells activate
transcriptional repressors of the Ripply family that establish
a negative feedback loop shutting down Tbx6 protein expression
by a posttranscriptional mechanism, leading to the downregula-
tion of Mesp2 expression in the future posterior somite compart-
ment (Kawamura et al., 2005a; Morimoto et al., 2007; Oginuma
et al., 2008; Takahashi et al., 2010). The establishment of the
stripe of Mesp2 expression was explored by performing
computer simulations, which revealed that oscillating Notch
signaling induces not only the periodic activation of Mesp2, but
also a rostrocaudal gradient of Mesp2 in the absence of striped
Notch activity in the anterior PSM (Oginuma et al., 2010). This
suggests that the oscillating wave of Notch activity is translated
into the rostrocaudal polarity of a somite by regulating Mesp2
expression in the anterior PSM. This complex genetic cascade
ultimately results in the specification of the anterior and posterior
somite compartments and of the somite boundaries.
A striking feature of segmentation is the highly coordinated
gene activation occurring in the stripes of cells that define the
future segments. This coordination was proposed to reflect
a molecular switch that simultaneously triggers Mesp2 gene
activation in the cohort of competent cells that passed the deter-
mination front (Goldbeter et al., 2007). Mathematical modelingCell 145, May 27, 2011 ª2011 Elsevier Inc. 657
Figure 4. Role of Retinoic Acid in the Control of Left-Right Symmetry
of Somitogenesis
(A–D) Retinoic acid signaling activity and NR2F2 expression are asymmetric
across the left-right axis in the presomitic mesoderm of early-somite stage
embryos. In situ hybridization for mouse Raldh2 (A), mouse NR2F2 (C), and
chicken NR2F2 (D). Asymmetric expression is indicated by the white arrow-
heads. (B) RARE-LacZ mouse embryo indicating the asymmetric RA signaling
activity (white arrowheads) (dorsal views).
(E–H) Schematic interpretation of the role of RA signaling and Fgf8 in the
control of somite bilateral symmetry in early mouse and chicken embryos.
Asymmetrical RA signaling in the anterior PSM and somites is shown in blue
and antagonizes FGF signaling (orange). Nodal signaling is indicated on the left
side (pink). The embryonic side for which Fgf8 acts as a left-right determinant is
indicated with the label Fgf8. (E) Wild-type mouse embryo. (F) Rere or Raldh2
mouse mutant. (G) Wild-type chicken embryo. (H) RA-deprived chicken
embryo. L, left; R, right. From Vilhais-Neto et al. (2010).shows that the mutual inhibition of FGF and RA signaling can
define a bistability domain along the PSM in which such switch
behavior could be observed (Goldbeter et al., 2007). In response
to an appropriate signal, cells located in the bistability domain (in
fact, in the area between the determination front and the last
specified segment) could abruptly switch from the FGF-domi-
nated steady state to the other RA-dominated steady state
(Goldbeter et al., 2007). The signaling pulse that is generated
by the segmentation clock is a good candidate to trigger the
switch-like transition. This transition would result in a simulta-
neous exposure of cells of the future segmental domain to RA
signaling, hence explaining the collective gene activation in the
stripe of cells. This hypothesis is consistent with the observation
that Mesp2 expression is repressed by FGF and is activated by
Notch and RA signaling (Delfini et al., 2005; Moreno and Kintner,
2004; Takahashi et al., 2000). This model needs, however, to be
reconciled with the fact that somites do form in the mouse
Raldh2 mutant in which RA signaling is not detected (Nieder-
reither et al., 2002). Other dynamic properties of the gradient
system, such as positive feedback loops, could also account
for such a bistable behavior. Remarkably, such bistable
behavior, along with an autonomous clock, is systematically
observed with in silico simulations of segmentation controlled
by a moving gradient, as in the clock and wavefront model
(Franc¸ois et al., 2007).658 Cell 145, May 27, 2011 ª2011 Elsevier Inc.Molecular Control of Bilateral Symmetry
of Somitogenesis
Whereas the spine is a symmetrical structure, obvious left-right
asymmetries are observed in the positioning and structure of
vertebrate internal organs, such as the heart and liver (Raya
and Izpisu´a Belmonte, 2008; Shiratori and Hamada, 2006).
Establishment of these asymmetries is downstreamof a left-right
(LR) signaling pathway that is active during gastrulation (Shiratori
and Hamada, 2006). In all vertebrate species examined so far,
a secreted factor of the Nodal family acts on the left side of the
embryo to activate the expression of specific genes, such as
Paired-like homeodomain transcription factor 2 (Pitx2), in the
left lateral plate (Shiratori and Hamada, 2006). The way that the
nodal factors are activated in the left lateral plate significantly
differs among species, involving ciliae in the node or Kupffer’s
vesicle in mouse and fish, respectively, and asymmetrical cell
movements in chicken (Cui et al., 2009; Gros et al., 2009). These
initial asymmetries define the situs of the animal and the specific
left-right development of the internal organs.
In mouse and zebrafish, asymmetric signals that are produced
by the node cross the forming paraxial mesoderm without
affecting the perfect symmetry of paraxial mesoderm patterning.
In contrast, in chicken embryos, initiating the left-right asymme-
try pathway leads to the transient desynchronization of the
segmentation clock, as evidenced by asymmetric Lfng stripes
(Raya et al., 2004). In these three species, no somitic asymme-
tries are observed in embryos because the desynchronizing
action of the LR machinery is buffered by RA (Kawakami et al.,
2005; Sirbu and Duester, 2006; Vermot and Pourquie´, 2005).
Mice mutant for Raldh2 exhibit a shorter segmental region on
the right side in the cervical region (Vermot et al., 2005), whereas
chicken embryos treated with Disulfiram (which blocks RA
synthesis) exhibit similar defects but on the left side (Vermot
and Pourquie´, 2005) (Figure 4). A phenotype that is similar to
mouse is observed in zebrafish embryos lacking Raldh2 activity
(Kawakami et al., 2005). In the three species, this asymmetry of
somite formation is downstream of the left-right machinery, as it
can be reversed by changing the situs of the embryos (Kawakami
et al., 2005; Vermot and Pourquie´, 2005). Thus, RA signaling acts
in the paraxial mesoderm by buffering the asymmetric signal
generated by the left-right machinery. Asymmetry defects in
the positioning of somite boundaries can also be observed
when inhibiting Notch signaling with RBPjk morpholinos in fish
embryos (Echeverri and Oates, 2007) or in several mouse
mutants in the Notch pathway (Conlon et al., 1995; Hrabĕ de
Angelis et al., 1997). Unlike the defects seen in RA-deficient
embryos, these defects are not lateralized, suggesting instead
that they reflect a global dysfunctioning of the segmentation
clock mechanism.
The chromatin remodeling protein Rere (Atrophin2) was
recently shown to act as a cofactor for RA signaling involved in
the control of somite bilateral symmetry (Vilhais-Neto et al.,
2010). Mutation of the Rere protein in the Openmind mouse
mutant leads to the asymmetrical formation of somites. Rere
forms a complex with NR2F2 (CoupTF2), p300, and the retinoic
acid receptor (RAR), which is recruited to the retinoic acid
regulatory element (RARE) of RA targets, such as the RAR-
b promoter. Knockdown of NR2F2 and/or Rere decreases RA
signaling, suggesting that this complex is required to promote
transcriptional activation of RA targets. NR2F2 is asymmetrically
expressed in the right PSM in a domain that overlaps with the
PSM domain showing asymmetrical RA signaling detected in
the RARE-LacZ reporter mouse (Figure 4). Remarkably, the
asymmetry of NR2F2 expression in chicken is reversed, leading
to stronger expression in the left PSM (Figure 4D). This inversion
provides an explanation for the opposite sides of the somite
symmetry defects that are observed in mouse and chicken
(Vermot and Pourquie´, 2005). Given that Nodal is always
detected on the left side in mouse and chicken (Raya and Izpisu´a
Belmonte, 2008), these inversions suggest that Nodal is not the
left-right determinant buffered by RA (Figures 4E–4H). Fgf8 has
been shown to act as a right determinant in chicken and as
a left one in mouse (Boettger et al., 1999; Meyers and Martin,
1999). Crossing the mouse Rere mutant with the Fgf8 mutant
increases the frequency of somite asymmetry defects in the
compound mutants, thus supporting the idea that RA shields
the PSM from the desynchronizing action of Fgf8 rather than
from that of Nodal (Vilhais-Neto et al., 2010). Genetic interactions
between Rere and the Fgf pathway have also been reported in
zebrafish (Plaster et al., 2007). This RA-dependent buffering
mechanism could be involved in symmetry defects of the human
spine, such as those observed in scoliosis. In humans, a majority
of patients with idiopathic scoliosis exhibit a thoracic spine
curvature toward the right, suggesting an underlying defect in
the left-right symmetry (Ahn et al., 2002). Though the molecular
mechanisms underlying these diseases have not been identified,
pathways controlling the left-right symmetry of the spine during
embryogenesis, such as the RA pathway, are indeed attractive
candidates.
Defects in the Segmentation Clock Lead to Congenital
Scoliosis in Humans
In humans, congenital abnormalities in vertebral segmentation
occur in a wide variety of rare but well-characterized disorders,
encompassing many diverse and poorly understood pheno-
typic patterns (Turnpenny et al., 2007). Congenital forms of
scoliosis involve structural malformations of the spine that are
visible on radiographs and include segmental abnormalities
such as hemivertebrae, wedge-shaped vertebrae, vertebral
fusions, and bars. In contrast, vertebrae are essentially normal
in patients with idiopathic scoliosis, who are characterized by
an abnormal torsion of the vertebral column. Observations in
patients with congenital scoliosis are suggestive of various
abnormalities that may occur during early developmental
patterning, particularly during somitogenesis. A new nomencla-
ture, developed by the International Consortium for Vertebral
Anomalies and Scoliosis (ICVAS), has been created to better
describe congenital scoliosis patients (Offiah et al., 2010; Turn-
penny et al., 2007).
Manifestations leading to a diagnosis of congenital scoliosis
include: (1) generalized vertebral segmentation abnormalities,
as observed in patients with spondylocostal dysostosis (SCD)
or spondylothoracic dysostosis (STD); (2) regionalized condi-
tions, such as Klippel-Feil syndrome, which affect only the
cervical region; and (3) conditions that involve only one or two
vertebrae. Congenital scoliosis can also be associated withanomalies in other organ systems, most frequently involving
the renal, cardiac, or neural systems. In some cases, patients
with congenital scoliosis with abnormalities of the chest wall
present a major surgical challenge. A better understanding and
increased knowledge of the disease mechanism(s) will aid in
improving the prediction of the clinical course of the disease,
particularly in children.
Although most cases of congenital scoliosis were previously
thought to be sporadic, recent evidence suggests that a consid-
erable genetic component may be involved. Strikingly, thus far,
the four mutations that are associated with congenital scoliosis
in humans have been identified in genes associated with the
segmentation clock mechanism. These mutations result in
monogenic autosomal-recessive forms of SCD and STD.
Homozygosity mapping and linkage analysis in consanguineous
Arab-Israeli and Pakistani pedigrees with a particular form of
SCD (SCDO1 [MIM 277300]) led to the discovery of multiple
mutations in the Notch ligand DLL3 (Bulman et al., 2000). These
DLL3 mutations result in abnormal vertebral segmentation
throughout the entire spine, with all vertebrae losing their normal
form and regular three-dimensional shape (Figure 5A). A
second, milder form of SCD (SCDO2 [MIM 608681]) has been
associated with a four-base-pair duplication in the MESP2
gene that is essential for normal segmentation (Figure 3) (Whit-
tock et al., 2004). A mutation in LFNG was identified in members
of one family with SCD (SCDO3 [MIM 609813]) (Sparrow et al.,
2006). Several mutations in the HES7 gene were also found to
be associated with SCD (SCDO4) (Sparrow et al., 2008, 2010).
The identified mutations prevent HES7 protein from heterodi-
merizing with the E47 cofactor or blocking DNA binding. In
addition, a recessive null mutation in the MESP2 gene was
also identified in patients with STD (Jarcho-Levin syndrome
[MIM 277300]) by sequencing candidate genes that are associ-
ated with the segmentation clock (Figure 5B) (Cornier et al.,
2008). Also, various mutations of the Notch ligand JAGGED1
have been associated with the autosomal-dominant Alagille
syndrome in which misshaped vertebrae (butterfly vertebrae)
are observed (AGS [MIM 118450]) (Li et al., 1997; Oda et al.,
1997). Polymorphisms in the Tbx6 gene that is involved in somi-
togenesis have also been associated with congenital scoliosis
(Fei et al., 2010).
Together, these data strongly suggest that human somitogen-
esis also relies on molecular mechanisms that are similar to
those identified in mouse, chicken, and fish embryos. Currently,
the identified mutations explain only a minor fraction of the
congenital scoliosis cases, and no mutations have been identi-
fied in cyclic pathways other thanNotch. Given the segmentation
phenotypes of several of the mouse Wnt and FGF cyclic
gene mutants, mutations of orthologous genes in humans are
likely to result in segmentation defects of the vertebral column.
The recent work on vertebrate segmentation has provided
a conceptual framework to explain human spine malformations,
such as congenital or idiopathic scoliosis in humans.
Conclusions and Perspectives
As described in this Review, vertebrate segmentation involves
an oscillator, the segmentation clock, controlling the rhythmic
activation of signaling pathways in the somite precursors. TheCell 145, May 27, 2011 ª2011 Elsevier Inc. 659
Figure 5. Mutation of Human Orthologs of the Segmentation Clock
Genes Leads to Congenital Scoliosis
(A) Radiograph of a patient with Spondylocostal dysostosis (SCDO1), showing
the severe axial skeletal malformations that are associated with a mutation in
the DLL3 gene. Courtesy of Peter Turnpenny.
(B) Radiograph of patient with spondylothoracic dysostosis (STD), illustrating
severe vertebral and rib malformations that are associated with a mutation in
the MESP2 gene. Courtesy of Alberto Cornier.oscillating pulse is displaced by a traveling wavefront of matura-
tion, which defines the spacing of the specified segments. A
major challenge lying ahead of the field will be the identification
of the pacemaker that generates the oscillations of the segmen-
tation clock. The development of novel imaging techniques
combined with better transgenic reporters will certainly allow
a better quantitative description of the clock oscillations at the
single-cell level in real time. This will allow the design of better
experiments to dissect the clock circuitry and will provide mate-
rial for mathematical modeling. In recent years, vertebrate
segmentation has become a new paradigm to study spatiotem-
poral regulation of signaling in development. This research also
sparked interest in oscillatory regulation of signaling as a means
to gate cellular responses. This concept is gaining increasing
importance in several areas of biology, such as the stem cell
field.660 Cell 145, May 27, 2011 ª2011 Elsevier Inc.SUPPLEMENTAL INFORMATION
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